Abstract: Mode-division multiplexing (MDM) has been considered as a low-cost and highdensity means for high-bandwidth on-chip optical communications in a high-performance computer and a data center. However, simultaneously controlling the power of multiple modes in the MDM systems is difficult due to the complex mode coupling for high-order modes (HOMs). Here we propose a novel schematic structure of variable-ratio modeinsensitive 1 × 2 power splitter, which is based on multimode interference (MMI) couplers cascaded with phase shifters. We theoretically reveal the phase shifting relations between the fundamental mode and the HOMs for the phase shifter formed by two unequal-width waveguides. Then, the operating principles for the proposed structure are presented. Numerical simulations are carried out and it is found that the structure has the ability to realize variable-ratio dual-mode mode-insensitive 1 × 2 power splitter by designing the number and lengths of the phase shifters, which shows a good agreement with our theoretical analysis. The structural parameters of the MMI couplers and the phase shifters are optimized to minimize the transmittance losses and the differences of mode power splitting ratio. The simulation results also show that the optimized power splitters have the advantages of high tolerance to fabrication errors and wide operating bandwidths, which indicates that the proposed structure can operate on multiple modes and would be suited to potential applications in on-chip optical communications.
Introduction
Power splitters are key building blocks for splitting and combining optical signals in on-chip optical communications such as optical interconnections in high performance computer and data center. With the rapid growth of Internet traffic, several multiplexing technologies, including wavelength division multiplexing (WDM), polarization division multiplexing (PDM) and mode division multiplexing (MDM), have been proposed to further expand the transmission capacity. Recently, on-chip MDM system has attracted increasing attention since it can enhance the link capacity greatly even when only one kind of lasers with the same wavelength is available [1] , [2] , which can not only save the physical space but also reduce the cost of the system. In order to achieve an on-chip MDM system, many devices including mode add-drop multiplexers (MADM) [3] - [6] , optical switches [7] , and multimode bent waveguides [8] , [9] have been redesigned. However, due to the complex mode coupling for high-order modes (HOMs), there are only a few reports on 50:50 mode-insensitive power splitters [10] - [13] . One structure based on asymmetrical tapered directional couplers (DCs) has been reported in [10] , which has a small size and broad bandwidth. Unfortunately, the structure is sensitive to fabrication errors and is hard to expand to more modes. Similar structures based on fused few-mode fibers (FMFs) have been reported in [11] , [12] , which cannot be applied in photonic integrated circuits (PICs). Another structure based on Y-junctions assisted with mode converters has been reported in [13] , which can be expanded to more modes, but has a complex structure. Mode-insensitive power splitters with other power spitting ratios also have many promising applications in on-chip optical communications, which can simultaneously process multimode signals more flexible. To the best of our knowledge, such mode-insensitive power splitters have not been reported.
Devices based on the multimode interference (MMI) couplers are useful elements in various PICs, such as variable-ratio single-mode power splitters [14] - [16] , Mach-Zehnder interferometers [17] , optical 90°hybrid [18] , and arrayed-waveguide grating [19] , owing to their compactness, low loss, high fabrication tolerance and relatively wide operating bandwidth. Therefore, an MMI-based device is a good candidate for a variable-ratio mode-insensitive power splitter.
In this paper, a novel schematic structure of variable-ratio mode-insensitive 1 × 2 power splitter using cascaded MMI couplers and phase shifters is proposed. The phase shifter is formed by two unequal-width waveguides and we theoretically reveal the phase shifting relations between the fundamental mode and the HOMs. We present the operating principles and numerically simulate that the structure has the ability to realize variable-ratio dual-mode mode-insensitive 1 × 2 power splitter by designing the number and lengths of the phase shifters. The simulation results show that the optimized power splitters have the advantages of low transmittance losses, slight differences of mode power splitting ratio (DPSR), high tolerance to fabrication errors and wide operating bandwidths, which indicates that the proposed structure can operate on multiple modes and would be suited to potential applications in on-chip optical communications. This paper is organized as follows. In Section 2, the structure of the proposed variable-ratio modeinsensitive power splitter and the operating principles are described. In Sections 3 and 4, numerical simulations are carried out to optimize the structural parameters of dual-mode mode-insensitive 1 × 2 power splitters with different power splitting ratios. In addition, the transmittance losses, fabrication tolerance and wavelength characteristics are also analyzed. Section 5 is dedicated to conclusions. Fig. 1 shows the schematic diagram of the proposed variable-ratio mode-insensitive 1 × 2 power splitter, which consists of series of MMI couplers cascaded by phase shifters. When multiple modes are launched into the input port, each mode can be obtained in both output ports with the same power splitting ratio by properly designing the phase shifters. For simplicity, we choose TE modes to analyze the operating principles. 
Structure and Operating Principles

MMI Principles
Based on self-imaging principles [20] , [21] , in a multimode waveguide, an input field profile is reproduced in single or multiple images at periodic intervals along the propagation direction. For an MMI waveguide, the wide waveguide condition is shown as:
where λ 0 is the wavelength in vacuum, W MMI is the width of the MMI coupler, n r is the core refractive index and n c is the cladding refractive index. If the condition is satisfied, the propagation constant of the guiding mode TE v (v = 0, 1, 2 . . .) can be simplified to:
where W e is the effective width of the MMI waveguide, W e ≈ W MMI + λ 0 /(π n 2 r − n 2 c ). Then, the beat length of the MMI waveguide is given by:
There are two self-imaging mechanisms, restricted interference and general interference. In this paper, the devices are based on the general 2 × 2 MMI couplers. The length of such MMI coupler is the distance of the first 2-fold images, L MMI = (3/2)L π . A general 2 × 2 MMI coupler is also known as a 3-dB power splitter, which has two images of the launched field in the outputs with the same amplitude but phase difference of π/2. According to [20] , for the TE v mode, the transfer matrix can be described as:
Phase Shifter Principles
Fig . 2 shows a phase shifter [14] formed by two unequal-width waveguides (W 1 = W − and W 2 = W + ) with the same length L PS . The transfer matrix for the TE v mode can be expressed by:
where β 1,v and β 2,v are the propagation constants of the TEv mode for the two waveguides, respectively. Considering the relative phase, the matrix H v is simplified to:
where
L PS means the phase shift for the TE v mode. Assuming that the waveguides satisfy condition Eq. (1), using Eqs. (2) and (3), α v may be expressed to a good approximation as:
where L π,1 and L π,2 are the beat lengths of the two waveguides, respectively. Then the phase shifting relation between the HOM TE v and the fundamental mode TE 0 is given by:
Utilizing the Infinitesimal Method (IM), Eq. (8) can be expanded to some other phase shifters with equal-length waveguides, for example, the butterfly-shape phase shifter [18] . From Eq. (8) it is noting that such a phase shifter restricts the phase shifts between any two modes, thus it is hard to obtain the same phase shift for each mode. However, the clear relation offers significant guidance for numerical calculation.
Operating Principles of the Proposed Structure
In the input port, eigenvector [ ] can be used to represent the complex electric field. Since the power splitter is a cascaded structure, the two output ports for the TE v mode can be expressed as:
where α i ,v is the phase shift for the TE v mode by the i-th (i = 1, 2, . . . , N) phase shifter, and N is total number of phase shifters. Then the power splitting ratio for the TE v mode is given by:
Note that a mode-insensitive power splitter can obtain equal power splitting ratio for each mode,
To realize a mode-insensitive power splitter with any desired power splitting ratio, assuming that the mode number is M, so M equations can be obtained from Eqs. (9)- (11) . As for the i-th phase shifter, α i ,v can be expressed by α i ,0 using the phase shifting relation Eq. (8) as:
Therefore, there are N symbols, namely, α 1,0 , α 2,0 , . . . , and α N ,0 . Considering the necessary degrees of freedom for the equations, the number of phase shifters N should be no less than M.
Dual-Mode Power Splitters With Two-Phase Shifters
Numerical simulations based on Matlab and two-dimension Beam Propagation Method (2D-BPM) are utilized to validate the proposed schematic structure. For simplicity, the design of variable-ratio dual-mode 1 × 2 power splitter is chosen as an example, and the structure is shown in Fig. 3 , which includes three MMI couplers and two phase shifters (PS1 and PS2). Silicon-based waveguides are considered, with the refractive indexes of n Si = 3.476 and n Si O 2 = 1.444, respectively. In this paper, we assume the TE modes at an operating wavelength of 1550 nm. The width of the MMI couplers W MMI is set as 12 μm, and the optimal length of the MMI couplers L MMI is set to 663 μm. The input/output waveguides are positioned at ±W MMI /4 with the same length L = 100 μm. Each phase shifter is formed by two unequal-width waveguides (W 1 = W − and W 2 = W + ). To reduce the transmittance losses of the TE 0 and TE 1 modes caused by the mismatching field image size in the MMI couplers, the width of the input/output waveguides W is designed to be 3 μm, and the widths of the two phase shifter waveguides W 1 and W 2 are optimized to be 2.8 μm and 3.2 μm, respectively. The lengths of the two phase shifters are L PS1 and L PS2 , respectively. By properly designing L PS1 and L PS2 , a dual-mode power splitter can be obtained with the same power splitting ratio for both the TE 0 and TE 1 mode.
Before discussing the design of variable-ratio power splitter, it is necessary to simulate the phase differences between the two phase shifter waveguides changing with the length L PS . As shown in Fig. 4 , the phase shifts for the TE 0 and TE 1 modes are both changing linearly with L PS , and the slope relation between the blue line and the red lines is calculated to be k TE 1 = 3.9967k TE 0 . The results show good agreement with Eqs. (7) and (8), respectively.
We choose a 1 × 2 MMI coupler as a 3-dB dual-mode power splitter because of its compactness and high tolerance to fabrication errors. Fig. 5(a)-(c) show the simulated electric field distributions of the power splitter when the TE 0 mode, TE 1 mode and both modes are launched, respectively. The simulated PSRs are 50.00%/50.00% and 49.98%/50.02% with transmittance losses of 0.0052 dB and 0.0174 dB for the TE 0 mode and TE 1 mode, respectively. Note that the losses caused by the roughness of the device are not considered in the simulation. The roughness of the device mainly due to imperfections in the manufacture is random, so it is hard to obtain accuracy of estimation and calculation in our simulation modeling.
For the proposed structure, Eqs. (9)- (12) are applied and then numerical method based on Matlab is utilized to find the solutions. We design different power splitters with different power splitting ratios, ranging from 5%/95% to 95%/5%, stepped by 5%. In order to minimize the lengths of PS 1 and PS 2 , the solutions which satisfied the condition min(α 1,0 + α 2,0 ) are selected. Then the lengths of PS 1 and PS 2 are calculated, as shown in Fig. 6 . It is found that most power splitters can be obtained. However, due to the limitation of the principles of two-phase-shifter-based structure, we cannot obtain some power splitters, namely 15%/85%, 20%/80%, 80%/20% and 85%/15%. 2D-BPM based simulations are carried out to optimize the lengths of PS 1 and PS 2 . The TE 0 mode and TE 1 mode are launched simultaneously with the same power and the PSRs for the two modes are calculated. Since we need to consider the PSRs for the TE 0 mode and TE 1 mode, the optimizing objective function is defined as: where PSR 0 and PSR 1 are the calculated ratios for the TE 0 mode and TE 1 mode, respectively, and PSR is the desired ratio. Fig. 7 Fig. 8(a) and (b) show the simulated electric filed distributions of the two power splitters with the optimized phase shifter lengths, respectively. In the 75%/25% case, the simulated PSRs are 74.99%/25.01% and 74.99%/25.01% with transmittance losses of 0.04 dB and 0.366 dB for the TE 0 mode and TE 1 mode, respectively. And in the 90%/10% case, the simulated PSRs are 90.01%/9.99% and 89.98%/10.02% with transmittance losses of 0.086 dB and 0.285 dB for the TE 0 mode and TE 1 mode, respectively. The transmittance losses of the TE 1 mode are higher than the TE 0 mode, which indicates that HOMs are much more sensitive to the mismatching filed image size. Fig. 9 shows the fabrication tolerance of the phase shifters utilizing 2 as the control parameter, which is the width difference of the two phase shifter waveguides. The simulation results show that the variation of PSRs is around ±10% when 2 ranges from 380 nm to 440 nm. The performance of the TE 0 mode is better than the TE 1 mode, which shows a good agreement with Eq. (8) . In addition, the results from Figs. 7 and 9 demonstrate that the proposed structure of mode-insensitive power splitters has high fabrication tolerance.
Wavelength dependence of the two power splitters is also investigated. Fig. 10(a) shows the transmittance losses of the two power splitters varying with the operating wavelength. A 3-dB bandwidth of about 25 nm ranging from 1536 nm to 1561 nm is obtained, which almost covers the whole C-band (1530-1565 nm). Fig. 10(b) shows the PSRs of the two power splitters varying with the operating wavelength. The variation of PSRs is less than ±10% in a wavelength range of 1540-1560 nm. These results indicate that the proposed structure of mode-insensitive power splitters possesses a good insensitivity to the operating wavelength.
Dual-Mode Power Splitters With Three-Phase Shifters
The proposed structure shown in Fig. 3 cannot realize the power splitting ratios of 15%/85%, 20%/80%, 80%/20% and 85%/15%. To solve this problem, we propose a structure based on four MMI couplers and three phase shifters, as shown in Fig. 11 . In comparison with the Fig. 11 . The three-phase-shifter-based structure designed for the power splitting ratios of 15%/85%, 20%/80%, 80%/20% and 85%/15%. two-phase-shifter-based structure shown in Fig. 3 , they have similar operating principles, and we need to design the lengths of the phase shifters, L PS1 , L PS2 and L PS3 . Note that the parameters of the MMI couplers and phase shifters are the same as mentioned in Section 3.
Equations (9)- (12) are applied to this proposed structure and then numerical method is utilized to find the solutions. We design different power splitters with different power splitting ratios ranging from 5%/95% to 95%/5%, stepped by 5%. In order to minimize the total lengths of PS 1 , PS 2 and PS 3 , the solutions which satisfied the condition min(α 1,0 + α 2,0 + α 3,0 ) are selected. Then the lengths of PS 1 , PS 2 and PS 3 are calculated, as shown in Fig. 12 . Based on the proposed three-phase-shifter structure, the power splitters with PSRs of 15%/85%, 20%/80%, 80%/20% and 85%/15% can be obtained.
The design of an 80%/20% power splitter, which cannot be realized using the two-phase-shifterbased structure, is chosen as an example for further optimization. The optimizing objective function DPSR is defined the same as Eq. (13). In Fig. 13 , we show DPSRs as a function of L PS1 , L PS2 and L PS3 utilizing a slice graph. DPSRs are less than 1.5% when the ranges of L PS1 , L PS2 and L PS3 are 29.8 to 30.8 μm, 66.6 to 67.6 μm and 127.6 to 128.4 μm, respectively. It means that this structure has high fabrication tolerance for the length errors of the phase shifters. As a result, L PS1 , L PS2 and L PS3 are optimized to be 30.1 μm, 67.5 μm and 127.8 μm, respectively. The simulated PSRs are 79.99%/20.01% and 80.00%/20.00% with transmittance losses of 0.098 dB and 0.2129 dB for the TE 0 mode and TE 1 mode, respectively. Compared to the two-phase-shifter-based power splitters, the transmittance losses of the 80%/20% power splitter do not increase significantly because of one more MMI coupler and phase shifter. ranges from 384 nm to 424 nm. Wavelength dependence of the 80%/20% power splitter is shown in Fig. 15 . A 3-dB bandwidth of about 18 nm ranging from 1540 nm to 1558 nm is obtained, which covers a half of the C-band (1530 nm to 1565 nm). And the variation of PSRs is less than ±10% in a wavelength range of 1542 nm to 1558 nm. We can see that the dual-mode 80%/20% power splitter still possesses good insensitivity to the operating wavelength.
Besides the structure based on MMI couplers and three phase shifters realizes variable power splitting ratios for two modes, the proposed structure also can obtain variable PSRs for more higherorder modes. From Eqs. (9)- (12) , when the number of phase shifters N should be no less than the number of modes M, a mode-insensitive power splitter with any desired PSRs can be obtained. Therefore, at least three phase shifters are used to achieve the variable-PSR mode-insensitive power splitter for three modes (TE 0 , TE 1 and TE 2 ). According to numerical solutions of Eqs. (9)- (12), at least one set of solution can be obtained for each PSR in the case of three phase shifters. Fig. 16 shows PS1, PS2 and PS3 as a function of different power splitter ratios for TE 2 mode. As the number of modes increase, the structural parameters of MMI waveguides need to be redesigned and optimized. Based on the proposed three-phase-shifter structure, the power splitters with any desired PSRs for three modes can be obtained. 
Conclusion
As a summary, we have proposed a novel schematic structure to design variable-ratio modeinsensitive 1 × 2 power splitter based on MMI couplers and phase shifters. We reveal the phase shifting relations between the fundamental mode and the HOMs for the phase shifter formed by two unequal-width waveguides. Then, we present the operating principles of our schematic structure. To realize a variable-ratio M-mode mode-insensitive power splitter, the number of phase shifters N should be no less than M, considering the necessary degrees of freedom for the equations. Numerical simulations are utilized to verify the validity of this schematic structure. The design of variable-ratio dual-mode mode-insensitive 1 × 2 power splitter is chosen as an example. The structure based on two phase shifters can realize variable power splitting ratios except 15%/85%, 20%/80%, 80%/20% and 85%/15%, and a structure based on three phase shifters is proposed to solve the problem. The simulation results show that the optimized power splitters have low transmittance losses, high tolerance to fabrication errors and wide operating bandwidths, which indicates that the proposed structure can operate on multiple modes and would be suited to potential applications in on-chip optical communications.
In our future experimental plan, 50%/50% and 80%/20% mode-insensitive 1 × 2 power splitters based on three phase shifters are fabricated by electron beam lithography and dry etching technologies according to the optimized structural parameters of the device in simulation. Then characteristics such as transmittance losses and operating bandwidths of the device will be analyzed in experiment.
